Ammonium-nitrate-(AN-) based composite propellants prepared with a hydroxyl-terminated polybutadiene (HTPB)/polytetrahydrofuran (PTHF) blend binder have unique thermal decomposition characteristics. In this study, the burning characteristics of AN/HTPB/PTHF propellants are investigated. The specific impulse and adiabatic flame temperature of an AN-based propellant theoretically increases with an increase in the proportion of PTHF in the HTPB/PTHF blend. With an AN/HTPB propellant, a solid residue is left on the burning surface of the propellant, and the shape of this residue is similar to that of the propellant. On the other hand, an AN/HTPB/PTHF propellant does not leave a solid residue. The burning rates of the AN/HTPB/PTHF propellant are not markedly different from those of the AN/HTPB propellant because some of the liquefied HTPB/PTHF binder cover the burning surface and impede decomposition and combustion. The burning rates of an AN/HTPB/PTHF propellant with a burning catalyst are higher than those of an AN/HTPB propellant supplemented with a catalyst. The beneficial effect of the blend binder on the burning characteristics is clarified upon the addition of a catalyst. The catalyst suppresses the negative influence of the liquefied binder that covers the burning surface. Thus, HTPB/PTHF blend binders are useful in improving the performance of AN-based propellants.
Introduction
Solid propellants are contained and stored in the combustion chamber of a solid rocket motor and are sometimes hermetically sealed in the chamber for long-term storage. Upon ignition, the propellants react to form hot gases within the chamber, which in turn are accelerated and ejected at a high velocity through a supersonic nozzle, thereby imparting momentum to the rocket motor. Solid rocket motors offer the advantage of having few moving parts. Therefore, they are used as propulsion systems for launch vehicles, spacecrafts, missiles, and other applications.
There are various types of solid propellants, and a suitable propellant is selected to meet the requirements of each rocket motor application. A composite propellant is a solid propellant in the form of heterogeneous propellant grains composed of oxidizer crystals held together in a matrix of a synthetic or plastic binder. Ammonium perchlorate (AP) and hydroxyl-terminated polybutadiene (HTPB) are widely used as an oxidizer and a binder, respectively, because AP/HTPB-based propellants have excellent burning and mechanical characteristics. One of the few serious drawbacks of AP-based propellants are the products of combustion, such as HCl, chlorine, and chlorine oxides, which cause atmospheric pollution.
Recently, ammonium-nitrate-(AN-) based composite propellants, that is, propellants prepared with AN as the oxidizer, have become popular, although there are some major problems associated with their use. These problems include a low burning rate, poor ignitability, and low energy output compared to AP-based propellants [1, 2] . Despite these problems, AN-based propellants are popular because they are chlorine-free, present a small hazard, and have low observable emissions (minimum smoke). Numerous approaches have been adopted to improve the burning characteristics of AN-based propellants, including the use of 2 International Journal of Aerospace Engineering catalysts [3] [4] [5] [6] [7] [8] [9] , the addition of metals [10] [11] [12] [13] , and the use of energetic binders based on azide polymers [14] [15] [16] [17] [18] [19] [20] .
Applying an energetic binder is an effective approach toward AN-based propellants. However, the synthesis processes of energetic binders are complicated and costly; therefore, it is difficult to manufacture these binders industrially.
To date, such energetic binders have not yet been used for practical applications because they are expensive.
Polytetrahydrofuran (PTHF) is used as an ingredient in making rubber products. This inexpensive polymer is massproduced commercially in several molecular weights. Table 1 shows the chemical properties of PTHF and HTPB. Although PTHF is not an energetic material, it could be a useful binder to improve the burning characteristics of composite propellants because oxygen is present in the repeating unit of PTHF as opposed to HTPB in which oxygen is not present [21] [22] [23] . The chemical structure of PTHF is similar to that of HTPB, and therefore, PTHF should mix easily and uniformly with HTPB.
The curing behavior, mechanical properties, and thermal decomposition behavior of HTPB binders are improved by the addition of a small amount of PTHF. PTHF is an effective plasticizer in the preparation of high-performance composite propellants [24, 25] . Furthermore, compared to HTPB, HTPB/PTHF blends have preferable curing behaviors and tensile properties for use as binders [26] . Therefore, it is expected that a HTPB/PTHF blend will prove to be a useful binder ingredient for improving the performance of ANbased composite propellants.
The thermal decomposition behaviors of AN-based composite propellants with a HTPB/PTHF-blend binder are provided in [27] . The thermal decomposition of AN/HTPB/PTHF propellants occurs at lower temperatures than that of AN/HTPB propellants according to the results of thermogravimetry/differential thermal analysis (TG-DTA). According to a visual observation of the decomposition phenomena, the propellants had decomposed significantly and the generation of smoke was more vigorous in the temperature range of 530-550 K. The size of the black residue after decomposition was smaller than that of the propellant sample before heating. The AN in the propellant decomposed completely, and the quantity of liquefied or decomposed binder increased with an increase in the mass ratio (ξ) of PTHF in the binder. AN/HTPB/PTHF propellants were found to have unique thermal decompositions. In this study, the burning characteristics of AN/HTPB/PTHF propellants were examined and reported.
Experimental
2.1. Sample Ingredients. AN was ground in a vibration ball mill (for 5 min) for use as an oxidizer. The weight mean diameter of AN was 125 μm. PTHF and HTPB were used as binder materials. HTPB is a widely used binder and composite propellant, while PTHF is produced in several molecular weights. In this study, three types of PTHF with sample molecular weights of 650, 1400, and 2900 designated as PTHF1, PTHF2, and PTHF3, respectively, were used. The value of the symbol increased with increasing molecular weight. Isophorone diisocyanate (IPDI) was used as the curing agent. The ratio of the NCO group of IPDI to the OH group of HTPB and PTHF was 1.2.
The values of ξ were 0, 0.2, 0.4, 0.6, and 0.8. Table 2 shows the binder formulations. A binder at ξ = 1 was not prepared in this study because the burning rate characteristics of an AN-based propellant at ξ = 1 are provided in [23] . PTHF did not become solid by using IPDI alone, but it did become sufficiently rubbery by adding glycerin as a crosslinking modifier such that it could be used as a binder. In this study, the burning characteristics of an AN-based propellant with a HTPB/PTHF blend binder were not compared with those of a propellant at ξ = 1 because the addition of glycerin would make the comparison inconsistent.
Ammonium dichromate (ADC) was used as a burning catalyst and added to the propellant at 6% [8] . The weight mean diameter of ADC was 61 μm.
Burning Rate Measurement.
Each of the prepared propellant strands were 10 mm in diameter and 40 mm in length. The burning behavior was investigated in a chimneytype strand burner that was pressurized with nitrogen. Each strand was ignited by applying 10 V to an electrically heated wire threaded into the top of the strand. The temperature of the wire was above 1200 K. Each propellant strand was combusted within a pressure range of 0.5-7 MPa. The burning phenomenon of the propellant was recorded by a highspeed video recorder, and the burning rate was measured from the images obtained. The combustion phenomenon was recorded at a shutter speed of 30-125 frames s −1 . All measurements were checked in triplicate at each pressure, and the average values were used in the data analysis.
Results and Discussion

Theoretical Performance.
The specific impulse (I sp ) and adiabatic flame temperature (T f ) of the propellants at 70% and 80% AN were calculated using the NASA CEA program [28] with a combustion pressure of 7 MPa, an exit pressure of 0.1 MPa, and an initial temperature of 298 K. Table 3 shows the values of I sp and T f . The values of I sp and T f increase with an increase in ξ, and at constant ξ, these values slightly increase with a decrease in the molecular weight of PTHF. The propellant performance is theoretically dependent upon the ξ value and the molecular weight of PTHF. In particular, the increases in the values of the propellant at 80% AN are greater than those of the propellant at 70% AN. For example, the maximum difference in I sp between ξ = 0 and 0.8 at 80% AN is 5 s, whereas that at 70% AN is 3 s. The maximum difference in T f between ξ = 0 and 0.8 at 80% AN is 200 K, whereas that at 70% AN is 31 K. These values were obtained for an AN/HTPB/PTHF1 propellant. These results suggested that the effect of PTHF on propellant performance would be enhanced by the use of a smaller molecular weight of PTHF at 80% AN.
The mass fraction of IPDI in the binder increases with decreasing molecular weight of PTHF, as shown in Table 2 . For example, at ξ = 0.8, the mass fraction of IPDI for the PTHF1 binder is 25.6% and that for the PTHF3 binder is 8.2%. For the 80% AN propellant at ξ = 0.8, the difference in I sp and T f between the AN/HTPB/PTHF1 propellant and the AN/HTPB/PTHF3 propellant is 1 s and 35 K, respectively. This indicates that the influence of the IPDI fraction on propellant performance is negligible. The value of I sp theoretically increases with the use of PTHF, indicating that PTHF would be effective in enhancing the performance of an AN-based propellant. The increase in T f would also accelerate the propellant combustion reactions. Therefore, the burning rate of the AN/HTPB propellant would be expected to increase with increasing ξ. Table 4 shows the theoretical mole fraction of the main combustion products from the AN/HTPB/PTHF2 propellants; these products were scarcely dependent on the molecular weight of PTHF. For the 70% AN propellant, the mole fraction of graphite notably decreases with the addition of PTHF as a binder, and the fraction of other products increases with an increase in ξ. For the 80% AN propellant, no graphite is produced. The mole fraction of H 2 O increases with an increase in ξ, whereas the fractions of CH 4 , CO, CO 2 , H 2 , and N 2 decrease, indicating that the hydrogen produced by the propellant decomposition would react with the oxygen in PTHF. The oxygen contained in PTHF was found to influence the reaction product compositions and cause an increase in I sp and T f .
A subsequent experiment investigated the thermal decomposition behavior and burning characteristics of propellants at 80% AN, because the influence of the HTPB/PTHF binder on the theoretical performance of a propellant at 80% AN is greater than that of a propellant at 70% AN. Figure 1 shows the burning rate characteristics of AN/HTPB/PTHF propellants. These propellants only burned at pressures above 2 MPa. The burning rates are seen to increase linearly on the logarithmic scale. The pressure exponent of these propellants is in the range of 0.7-0.8, and the values are not correlated with ξ and the molecular weight of PTHF. There is no obvious difference in the burning rates of the AN/HTPB/PTHF and AN/HTPB propellants.
Burning Rate of Propellant.
The thermal decomposition behavior of the AN/HTPB/ PTHF propellant (ξ = 0.2-0.8) was preferable for creating a high burning rate propellant because the decomposition temperature ranges of the AN/HTPB/PTHF propellant were lower than those of the AN/HTPB propellant (ξ = 0) [26] . The T f for the AN/HTPB/PTHF propellant was higher than that for the AN/HTPB propellant, as described in the previous section. These results suggest that the burning rate would increase by the use of PTHF as a binder; however, the burning rates of the AN/HTPB/PTHF propellant were not significantly different from those of the AN/HTPB propellant, as shown in Figure 1 .
The burning propellant at 7 MPa was quenched by a depressurization of approximately −1 MPa s −1 . Figure 2 shows photographs of the AN/HTPB/PTHF2 propellant at ξ = 0 and 0.6 after quenching. With the AN/HTPB propellant (ξ = 0), there was solid residue on the burning surface, and the shape of the residue was almost the same as that of the propellant. Theoretically, the propellant with 80% AN should not generate graphite, as described in Section 3.1. However, in actual, this propellant did produce a residue after the burning test, indicating that the actual propellant combustion is inferior to the theoretical one. This is because the theoretical values were calculated for an adiabatic process, while in actual combustion the propellant sample burned in a nitrogen gas flow, resulting in heat loss and mass transfer into/from the system.
On the other hand, the propellant containing PTHF did not leave a solid residue at ξ = 0.6, as shown in Figure 2(b) . A small amount of solid residue was generated by burning, but this was removed from the burning surface and discharged from the combustion chamber along with nitrogen.
When a solid residue is produced in the combustion chamber of a rocket motor, it interferes with the combustion of the propellant and the mass ratio of the rocket decreases. Furthermore, the presence of a solid residue results in erosion of the nozzle and an exhaust plume is produced. Thus, the generation of a solid residue is undesirable. The use of PTHF as a binder ingredient prevents the generation of a solid Figure 3 shows scanning electron microscopy (SEM) photographs of the burning surface of a propellant quenched at ξ = 0 and 0.6. In Figure 3(a) , the burning surface of the quenched AN/HTPB propellant (ξ = 0) has a spongelike appearance. What appear to be voids in the sponge are traces of AN particles caused by the HTPB binder being barely liquefied just before decomposition [23] [24] [25] [26] [27] . The AN particles exposed at the burning surface decomposed and disappeared during the depressurization event. A trace amount of AN was observed at the bottom. The HTPB at the burning surface barely liquefied and maintained its shape just before decomposition. Because the shape of the binder was preserved, the AN particles were exposed at the burning surface and decomposition gases were emitted in the gas phase. Figure 3(b) shows the burning surface of the quenched AN/HTPB/PTHF2 propellant (ξ = 0.6), which is basically smooth and wavy. When the melted AN at the burning surface was cooled to the surrounding temperature, the AN crystallized and numerous cracks were generated in the AN crystals owing to phase transitions. As described above, the burning surface was smooth, indicating that a majority of materials at the burning surface were binder ingredients. The depressions depict the traces of the decomposition of AN particles and also some projections at the burning surface. The AN particles were below the surface of these projections; small holes were produced by ejection of the decomposed gases of AN trapped under the surface. Part of the AN particles was observed at the surface of the projections. As described in Section 3.1, the value of T f was increased by adding PTHF. The increase in T f accelerates the propellant combustion reaction and enhances the temperature gradient just above the burning surface; the burning rate of the AN/HTPB propellant would therefore be expected to increase by the addition of PTHF. It was hypothesized that the burning rates of the AN/HTPB/PTHF propellant were not noticeably different from those of the AN/HTPB propellant for physical rather than chemical reasons.
The combustion process of the AN/HTPB propellant is as follows [23] . At the burning surface, AN melts and decomposes, while the HTPB binder barely liquefies and retains its shape until just before decomposition. A condensed phase is formed by the melted AN and the solid HTPB binder just below the burning surface. The decomposition gases of the AN and HTPB binder are diffused in the gas phase and burned. A large quantity of heat is produced by the combustion of the decomposition gases, and this heat is fed back to the burning surface of the propellant, thus increasing the surface temperature even more. Combustion of the AN/HTPB propellant is maintained by this sequence of processes. During this sequence of events, AN is continually exposed on the burning surface.
For the AN/PTHF/glycerin propellant, the liquefied binder covering the burning surface interferes with the evolution of the AN decomposition gases and the heat flux feedback from the flame to AN, and therefore, the AN/PTHF/glycerin propellant does not ignite [23] . It was found that an AN-based propellant does not burn when the burning surface is covered with a liquefied binder, which prevents AN from being exposed.
In a previous study [27] , at ξ = 0.6 and 0.8, a small quantity of HTPB/PTHF-blended binders liquefied at approximately 474 K, and that of AN/HTPB/PTHF propellants liquefied at approximately 500 K. As described above, most of the materials at the burning surface are binder ingredients. This suggests that the burning rates of the AN/HTPB/PTHF propellant are not higher than those of the AN/HTPB propellant because some portion of the liquefied HTPB/PTHF binder covered the burning surface.
Burning Rate of Propellant Supplemented with ADC.
The effect of a PTHF/glycerin binder on improving the burning characteristics of an AN/PTHF/glycerin propellant was clarified by adding ADC, which suppressed the negative influence of the liquefied binder covering the burning surface [23] . The AN/HTPB/PTHF propellants were supplemented with ADC, and the burning rates of these propellants were measured. Figure 4 shows the burning rate characteristics of AN/HTPB and AN/HTPB/PTHF propellants with ADC. These propellants were successfully burned above 0. propellants was approximately 0.6 and the type of binder did not influence the values. As described above, the pressure exponent of the propellants without ADC was in the range of 0.7-0.8. The pressure exponent of the propellant with ADC was lower than that of the propellant without it. The burning rates of an AN/HTPB propellant without ADC, as shown in Figure 1 , are also illustrated in 
Conclusions
The burning characteristics of an AN-based propellant with a HTPB/PTHF blend binder were investigated. The use of a HTPB/PTHF blend is theoretically effective in enhancing the specific impulse and adiabatic flame temperature of an AN-based propellant. The AN/HTPB propellant left a solid residue on the burning surface, and the shape of the residue was almost the same as that of the propellant. On the other hand, an AN/HTPB/PTHF propellant did not leave a solid residue, and the burning rates of the AN/HTPB/PTHF propellant were almost the same as those of the AN/HTPB propellant. This was because some of the liquefied HTPB/PTHF binder covered the burning surface of the AN/HTPB/PTHF propellant. The burning rates of AN/HTPB/PTHF propellants with ADC were higher than those of AN/HTPB propellants with ADC. The addition of ADC to the AN/HTPB/PTHF propellant was required to clarify the effect of the blend binder on the improvement of the burning characteristics. The effect of the HTPB/PTHF blend on the increase of the burning rate was independent of the mass ratio of PTHF in the blend. 
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